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Abstract
Background: The genetic architecture of birth size may differ geographically and over time.
We examined differences in the genetic and environmental contributions to birth weight, length, and ponderal index (PI) across geographic-cultural regions (Europe, North-America and Australia, and East-Asia) and across birth cohorts and how gestational age modifies these effects.
Methods: Data from 26 twin cohorts in 16 countries including 57613 monozygotic and dizygotic twin pairs were pooled. Genetic and environmental variations of birth size were estimated using genetic structural equation modeling.
Results: The variance of birth weight and length was predominantly explained by shared environmental factors, whereas the variance of PI was explained both by shared and unique environmental factors. Genetic variance contributing to birth size was small. Adjusting for gestational age decreased the proportions of shared environmental variance and increased the propositions of unique environmental variance. Genetic variance was similar in the geographic-cultural regions, but shared environmental variance was smaller in East-Asia than in Europe and North-America and Australia. The total variance and shared environmental variance of birth length and PI were greater from the birth cohort 1990-1999 onwards compared with the birth cohorts from 1970-1979 to 1980-1989. Conclusion: The contribution of genetic factors to birth size is smaller than that of shared environmental factors, which is partly explained by gestational age. Shared environmental variances of birth length and PI were greater in the latest birth cohorts and differed also across geographic-cultural regions. Shared environmental factors are important when explaining differences in the variation of birth size globally and over time.
Introduction
Birth size is an indicator of infant health and is associated with health related traits in later life such as hypertension [1] [2] [3] , obesity 4, 5 , and psychosocial distress 6 . Moreover, low birth weight is associated with an increased risk of metabolic diseases including type 2 diabetes 7 and cardiovascular diseases in adulthood 8, 9 . Both genetic and environmental factors influence birth size 10, 11 . Associations between fetal genotype and birth weight can in part reflect the indirect effects of the maternal genotype influencing birth weight via the intrauterine environment 12 . Studying monozygotic (MZ) and dizygotic (DZ) twin pairs is a widely-used method to decompose total variance into fractions explained by genetic and environmental differences between individuals. The environmental factors shared by co-twins include gestational age, total placental weight, and maternal factors, such as maternal body size and smoking. Individual placental characteristics, such as placental function including nutrient capacity, anatomy, and perinatal injuries can lead to differences in birth size between co-twins and are thus part of the environment unique for each twin individual. A previous Dutch study found that the genetic factors explained almost an identical share of the total variation of birth weight and length when estimated by parent-offspring trios of singletons (26% and 26%, respectively) and MZ and DZ twins (29% and 27%, respectively), supporting the value of the twin design when studying birth size 13 . Gestational age affects birth weight and, because it is shared by co-twins, may lead to the overestimation of shared environment, if not accounted for 14 .
Genetic and environmental variation of fetal growth may differ between populations because of differences in maternal dietary habits, other environmental exposures and the gene pool of population. A multinational twin study reported that genetic factors explained 17% of the variation of birth weight. This contribution was similar in Western and East-Asian populations, but there were differences in the proportions of environmental factors both shared and unshared by co-twins 15 .
It is well known that maternal nutrition and other maternal factors affect birth size and the determinants of birth size may have changed across birth cohorts over the 20 th century 16, 17 .
However, there are no previous studies which would have analyzed how the role of genetic and environmental factors on birth size has changed over time. Further, the only international comparison was based only on seven twin cohorts 15 ; larger studies would be warranted to get more precise estimates. Finally, it would be important to analyze also other indicators of birth size than birth weight, and gestational age should be adjusted for because otherwise the role of shared environment will be inflated. To address these questions, we used birth weight and length data available in the largest pooled database of twin cohorts in the world. We aimed to examine differences in genetic and environmental contributions to birth weight, length, and ponderal index (PI) (PI=weight (kg)/height (m 3 )) across geographic-cultural regions (Europe, North-America and Australia, and East-Asia) and across birth cohorts from 1915 through 2013 and how gestational age modifies these effects.
Material and methods

Sample
The data were derived from the COllaborative project of Development of Anthropometrical measures in Twins (CODATwins) database 18 . Information on birth weight was available in 26 cohorts from 16 countries, and birth length and gestational age were available in 14 and 17 of these cohorts, respectively. In the majority of cohorts, the birth-related measures were parentally reported (79% for birth weight, 87% for birth length, and 83% for gestational age)
or self-reported (14%, 2%, and 8%, respectively) and only in a few cohorts, they were based on records from nurses or clinicians (7%, 11% and 9%, respectively). However, birth weights from maternal recall and medical records were found to be highly correlated 19 . The participating twin cohorts are listed in Table 1 (footnote) and were previously described in detail 18 . (n=675) or born before 1970 (n=261), and co-twins with intra-pair difference in birth length >12 cm (3 pairs) or PI >15 kg/ m 3 (9 pairs) were removed leading to 27,084 twin pairs (38% MZ, 33% SSDZ and 29% OSDZ twins).
We further standardized birth weight, length and PI for gestational age separately by sex and within the individuals included in each group of analyses. These three measures of birth size were expressed as SD scores of the respective means/weeks of gestation (z-scores; i.e., mean = 0 and SD = 1) to estimate their relative value for a given gestational age. Individuals with gestational age <25 or >45 weeks were excluded. Outlying values for birth weight, length and PI values for a given gestational age were checked by visual inspection of histograms for each gestational week and removed (0.2% for birth weight and 0.4% for birth length and PI) resulting in 38,806 (birth weight) and 23,742 twin pairs (birth length and PI) for analyses.
All participants were volunteers and gave their informed consent when participating in their original studies. A limited set of observational variables and anonymized data were delivered to the data management center at University of Helsinki. The pooled analysis was approved by the ethical committee of Department of Public Health, University of Helsinki.
Statistical analyses
The data were analyzed using genetic structural equations modeling 24 . MZ twins share virtually the same genomic sequence, whereas DZ twins share, on average, 50% of their genes identical-by-descent. On this basis, the total variance was decomposed into variance A full model with A, C, and E factors was fit to the data. We allowed a shared environmental correlation to be less than 1 for OSDZ pairs, as compared to 1 expected for SSDZ and MZ pairs; this would suggest the presence of sex-specific shared environmental factors affecting size at birth. Since boys and DZ twins showed greater birth size than girls and MZ twins, different means for sex and zygosity groups were allowed. We then conducted the analyses in the three geographic-cultural regions and across the birth cohorts from 1915 through 2013 per decade. Moreover, the genetic and environmental variances of birth weight were analyzed for each twin cohort. Birth weight, length and PI values (both unstandardized and standardized for gestational age) were first adjusted for twin cohort within each sex and geographiccultural region/birth year groups using linear regressions, and the resulting residuals were used in the analyses.
Results
Birth weight was greater in European and North-American and Australian than in East-Asian newborns ( Table 1 ). Table 2) . The variance showed a less clear pattern, but was greatest in European and lowest in East-Asian boys and girls. In MZ and DZ twins, the means of PI in boys were similar to those in girls in all geographic-cultural regions, except for East-Asia where MZ girls had the greatest PI. The mean PI of boys was similar between the geographic-cultural regions, whereas the mean PI of girls was greater in East-Asia than in Europe and NorthAmerica and Australia. The variances of PI were greatest in Europe and lowest in East-Asia in both sexes. 
Discussion
Using data from 57,613 complete twin pairs from 16 countries, the present study revealed that environmental factors shared by co-twins importantly contribute to the inter-individual variation in birth weight, birth length, and PI. These factors also explained an important share of regional differences in the birth weight variation as found also in previous studies 11, 15, 26 . In the classical twin design, maternal effects shared by co-twins, including gestational age, would show up as a shared environmental variance. A previous international study of seven twin cohorts reported that from 50% to 70% of the total variance in birth weight was associated with maternal effects, 15 which is close to the relative contribution of shared environmental variance found in our study before standardizing the results for gestational age.
The standardization for gestational age decreased especially the shared environmental variances for birth weight relative to the variances of birth length and PI suggesting that birth weight is more influenced by the length of gestation than birth length and PI 27 .
The mean and total variance of birth weight and length were lower in East-Asia than in the other regions, which corresponds with previous studies 28, 29 . The differences in the total variances were especially contributed by differences in shared environmental variance. It has been suggested that part of these maternal effects is due to maternal genes which regulate fetal growth, possibly through intra uterine environment 30, 31 . Heritability estimates for the length of gestation were found over 30% 31, 32 , indicating that it is a heritable trait in European ancestry populations. Heritability of the length of gestation for East-Asian populations is presently unknown, but if these differ from European ancestry estimates, this may partly explain these regional differences in shared environmental variances. The means and variances of birth weight and length were lower in the cohorts born after than before 1990. In the recent decades, the prevalence of preterm births among singletons and twins has increased in most industrialized countries, while at the same time perinatal mortality has decreased, mainly because of medically indicated preterm births [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . Gielen et al. (2010) reported that the frequency of infertility treatment and caesarean sections as well as advanced maternal age have increased over the years, but none of these factors influenced the secular trends in birth weight 44 . The decrease in birth weight and length found in the present study may reflect the decrease in mean length of gestation up to 32 weeks as suggested by Gielen et al. (2010) 44 . Another factor with respect to time trends is the increasing survival of twin births. The survivors represent different proportions of the twin pregnancies 45 , and these proportions might be represented differentially in the distributions of birth weight and birth length. We found evidence for these explanations since the results adjusted for gestational age did not show differences in the total variance of birth weight. This suggests that the increasing total variation over the birth cohorts is affected by increasing survival of babies with early gestational age. In the analyses adjusted for gestational age, shared environmental variance decreased over the birth cohorts. This may suggest that the variation in maternal factors has decreased at the same time when general standard of living has increased.
When considering how well our results can be generalized, the assumptions made by the twin design need to be considered. MZ twins can either share one chorion and one amnion, each fetus can have its own amnion, or they can each have their own chorion and amnion such for virtually all DZ twins. Previous Dutch and Belgian studies 46, 47 have reported somewhat lower correlations for mono-chorionic than di-chorionic MZ twins, which can lead to under estimation of additive genetic variance and over estimation of shared environmental variance.
However, if there would be extra variation because of more dissimilar intrauterine environment of MZ twins, it should have been seen as the higher trait variance in MZ twins which was not the case in our study. One explanation is that very discordant pairs are not part of our study because of higher neonatal mortality or other reasons. It would be important to estimate the contributions of genetic and environmental factors also by using other methods available for singleton pregnancies to confirm how well our twin study results can be generalized to the whole population.
The main strength of our study is the very large sample size allowing the investigation of differences on the genetic and environmental contributions to individual differences in birth size in much more detailed than in previous studies. Pooling data from a large number of twin cohorts also permits the analyses by geographic-cultural regions and birth cohorts born over 100 years. Further, were able to analyze also birth length and PI and adjust the results for gestational age. Especially the lack of information of gestational age is a major limitation in previous studies since it inflates shared environmental variation as demonstrated in our study.
However, countries and/or geographic-cultural regions are not equally represented, and the database is heavily weighted towards populations following the Westernized lifestyle. There are few data available from Middle-East and Africa and no data from South-Asia or SouthAmerica. It is also noteworthy that all countries have different historical development, and thus the same birth cohorts can have been exposed to different environmental exposures. This may well have diluted the differences between the birth cohorts in this study which reflects the average variances of different countries. 
